Peter, "Synthesis and transfer of galactolipids in the chloroplast envelope membranes of Arabidopsis thaliana" (2016 Edited by Chris R. Somerville, University of California, Berkeley, CA, and approved July 29, 2016 (received for review June 8, 2016) Galactolipids [monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG)] are the hallmark lipids of photosynthetic membranes. The galactolipid synthases MGD1 and DGD1 catalyze consecutive galactosyltransfer reactions but localize to the inner and outer chloroplast envelopes, respectively, necessitating intermembrane lipid transfer. Here we show that the N-terminal sequence of DGD1 (NDGD1) is required for galactolipid transfer between the envelopes. Different diglycosyllipid synthases (DGD1, DGD2, and Chloroflexus glucosyltransferase) were introduced into the dgd1-1 mutant of Arabidopsis in fusion with N-terminal extensions (NDGD1 and NDGD2) targeting to the outer envelope. Reconstruction of DGDG synthesis in the outer envelope membrane was observed only with diglycosyllipid synthase fusion proteins carrying NDGD1, indicating that NDGD1 enables galactolipid translocation between envelopes. NDGD1 binds to phosphatidic acid (PA) in membranes and mediates PA-dependent membrane fusion in vitro. These findings provide a mechanism for the sorting and selective channeling of lipid precursors between the galactolipid pools of the two envelope membranes.
Galactolipids [monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG)] are the hallmark lipids of photosynthetic membranes. The galactolipid synthases MGD1 and DGD1 catalyze consecutive galactosyltransfer reactions but localize to the inner and outer chloroplast envelopes, respectively, necessitating intermembrane lipid transfer. Here we show that the N-terminal sequence of DGD1 (NDGD1) is required for galactolipid transfer between the envelopes. Different diglycosyllipid synthases (DGD1, DGD2, and Chloroflexus glucosyltransferase) were introduced into the dgd1-1 mutant of Arabidopsis in fusion with N-terminal extensions (NDGD1 and NDGD2) targeting to the outer envelope. Reconstruction of DGDG synthesis in the outer envelope membrane was observed only with diglycosyllipid synthase fusion proteins carrying NDGD1, indicating that NDGD1 enables galactolipid translocation between envelopes. NDGD1 binds to phosphatidic acid (PA) in membranes and mediates PA-dependent membrane fusion in vitro. These findings provide a mechanism for the sorting and selective channeling of lipid precursors between the galactolipid pools of the two envelope membranes.
galactolipid | chloroplast | envelope | lipid transfer T he two galactolipids, monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), are most abundant in land plants, green algae, and cyanobacteria (1) . MGDG and DGDG are predominant in thylakoid membranes of chloroplasts, where they are integral components of photosystems I and II and of the light-harvesting complex II (2) (3) (4) , and are essential for photosynthesis and growth (5, 6) . Galactolipids are synthesized in the envelope membranes of chloroplasts (7) . In tobacco and Arabidopsis, the MGDG synthase MGD1 localizes to the inner envelope where it produces the major proportion of MGDG (8, 9) . The outer chloroplast envelope of Arabidopsis harbors two DGDG synthases, DGD1 and DGD2 (10, 11) . DGD1 synthesizes the predominant proportion of DGDG, whereas DGD2 is active during growth under phosphate limitation. Phosphate deprivation results in the accumulation of glycolipids, including DGDG, at the expense of phospholipids and the redirection of phosphate to other cellular processes (12) . DGDG synthesized by DGD1 and DGD2 is transported to thylakoid and extraplastidial membranes, respectively (11, 12) .
Transport processes are required to channel lipid molecules between organelles and across and between different membranes (13) . An ATP-binding cassette (ABC) transporter composed of three different subunits [trigalactosyldiacylglycerol1 (TGD1), -2 (TGD2), and -3 (TGD3)] is involved in the transfer of lipid precursors from the endoplasmic reticulum (ER) to the chloroplast where they are used for galactolipid synthesis. Galactolipid molecules derived from imported precursors can be distinguished from galactolipids directly synthesized in the chloroplast by the acyl composition at the sn2 position of the glycerol, with molecules containing sn2-16C acyl groups being chloroplast-derived (prokaryotic) and molecules containing sn2-18C acyl groups being ERderived (eukaryotic). In Arabidopsis, MGDG consists of similar proportions of eukaryotic (sn1-18:3/sn2-18:3-MGDG) and prokaryotic molecules (18:3/16:3-MGDG), but DGDG is mostly eukaryotic (18:3/18:3-DGDG) (14) .
DGD1 carries a long N-terminal extension (NDGD1), which is required for insertion into the outer envelope (10) . The presence of this NDGD1 domain is unique to DGD1 among the proteins involved in galactolipid synthesis; the other proteins (MGD1, MGD2, MGD3, and DGD2) carry shorter, cleavable N-terminal sequences with targeting information to the chloroplast.
In the present study we address the role of NDGD1 in galactolipid synthesis and transfer. Expression of fusion proteins of plant DGDG synthases and of a bacterial glucosylgalactosyldiacylglycerol (GlcGalDG) synthase (GlcT) with different N-terminal extensions in Escherichia coli and Arabidopsis demonstrated that NDGD1 is not required for DGDG synthesis per se but is essential for enabling transfer of galactolipids between envelope membranes and therefore for DGDG accumulation in thylakoid membranes.
Significance
Establishment of the progenitor of chloroplasts by the host plant cell during endosymbiosis required the integration of two sets of biological membranes, the endoplasmic reticulum and the chloroplast envelopes, participating in the synthesis of galactolipid precursors for the photosynthetic membranes. Galactolipid synthesis is unequally distributed between the two envelope membranes, necessitating lipid transfer between the envelopes and toward the thylakoids. Here we show that the N-terminal sequence of digalactosyldiacylglycerol synthase 1 is essential for the integration of the chloroplast galactolipid synthesis machinery into the host cell. This N-terminal sequence was invented at the time the endosymbiotic organelle was established, providing a basic glycosyltransferase with a neofunction essential for lipid mobilization between organelles and endomembrane systems in plants.
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Results and Discussion DGDG Synthases from Plants and Eukaryotic Algae. DGD1 carries a unique N-terminal extension (amino acids 1-338, NDGD1) required for insertion into the outer envelope membrane (oEM), in addition to its glycosyltransferase domain (amino acids 339-808, CDGD1) (10, 15) . CDGD1/DGD2-like sequences are found in all Streptophyta and in some Chlorophyta and Rhodophyta (SI Appendix, Figs. S1 and S2) (16) . Spermatophyta contain two sequences, DGD1 and DGD2, with only DGD1 encompassing the NDGD1 extension (SI Appendix, Fig. S2 ). The genomes of Selaginella, Physcomitrella, and Klebsormidium contain DGD1 with the NDGD1 extension but are devoid of DGD2-related genes (SI Appendix, Fig. S1 ). Only one DGD1-like gene with a long N-terminal extension is found in some Chlorophyta (Chlamydomonas, Volvox, and Ostreococcus), whereas Coccomyxa and Bathycoccus contain two genes, one is a DGD1-type and the other a DGD2-type sequence. Other Chlorophyta (Chlorella, Auxenochlorella, and Micromonas) contain only a single DGD2 gene without the extension. Within Rhodophyta, Chondrus contains a single DGD2-like gene (16) , and Porphyridium contains two genes, a DGD1-like sequence and a DGD2 sequence (SI Appendix, Figs. S1 and S2). The Cyanidiales (Rhodophyta) harbor DGDG synthases distinct from those in plants; the Cyanidiales sequences are related to cyanobacterial DgdA (17, 18) . Database searches with PSI BLAST using NDGD1 from Arabidopsis resulted in the retrieval of NDGD1 sequences in all Streptophyta, including Klebsormidium, but not in other organisms. The long N-terminal extensions of DGD1 proteins in Chlorophyta and Rhodophyta show only low similarity with Streptophyta NDGD1 sequences. Therefore, it is possible that in some Chlorophyta and Rhodophyta a polypeptide with low sequence similarity to NDGD1 but with a similar function was established in Streptophyta and has evolved further to or has been replaced by NDGD1. NDGD1 sequences of Streptophyta are only found in translational fusions in DGD1 proteins, raising an intriguing question: whether the origin of this domain coincided with chloroplast endosymbiosis and perhaps was a necessary neofunctionalization enabling the integration of chloroplast and host-cell lipid metabolisms.
The N-Terminal Extension NDGD1 Is Dispensable for DGDG Synthesis by Recombinant DGD1. To study the biochemical and molecular function of NDGD1, different DGDG synthase constructs were introduced into E. coli coexpressing cucumber MGD1 to provide MGDG. DGDG accumulation was observed by TLC. DGD1, CDGD1, and DGD2 converted MGDG into DGDG, but NDGD1 was enzymatically inactive, indicating that CDGD1 was necessary and sufficient for DGDG synthesis (Fig. 1) . The amount of DGDG synthesized by NDGD1DGD2 (the fusion of NDGD1 to DGD2 to make it DGD1-like) was similar to that synthesized by DGD2. Introduction of NDGD1-containing constructs (DGD1, NDGD1, and NDGD1DGD2) into E. coli affected growth, indicating that NDGD1 production is detrimental to the bacterial cells (SI Appendix, Fig. S3 ). Production of CDGD1 and DGD2 as monitored by immunoblot analysis was strong and comparable, whereas the production of NDGD1-containing proteins was very low (SI Appendix, Fig. S3 ).
Mutations in the NDGD1 or CDGD1 Part of DGD1 Affect in Vivo DGDG Synthesis Activity. The Arabidopsis dgd1-1 mutant carries a premature stop codon in the CDGD1 part of the DGD1 gene resulting in decreased DGDG content and plant growth (SI Appendix, Fig. S4 ) (5, 15) . Immunoblot analysis with anti-NDGD1 antibodies revealed the presence of similar amounts of a 91-kDa DGD1 protein in WT Arabidopsis and a 64-kDa protein (a truncated NDGD1-containing polypeptide, amino acids 1-563) in the dgd1-1 mutant. If NDGD1 is functionally relevant in dgd1-1, a more severe phenotype would be expected for dgd1 alleles deficient in NDGD1. Two additional mutant plants (dgd1-2 and dgd1-3) carrying insertions in the first exon and third intron, respectively, were obtained (SI Appendix, Fig. S4 ). Immunoblot analysis revealed that no residual DGD1 polypeptide was observed in dgd1-2 (M ) was detected in dgd1-3 (SI Appendix, Fig. S4 ). Growth and galactolipid contents of dgd1-2 and dgd1-3 were indistinguishable from dgd1-1. Therefore, all lines carry DGD1-null mutations. Furthermore the production of the truncated NDGD1 polypeptide in dgd1-1 per se does not contribute to galactolipid synthesis in planta. It is possible that additional truncated versions of DGD1 are expressed in Arabidopsis. Indeed, one splice variant (At3g11670.2) is annotated in The Arabidopsis Information Resource (TAIR) database (www.arabidopsis.org), in addition to the correctly spliced DGD1 mRNA (At3g11670.1). This variant is derived from mis-splicing of intron 6 resulting in a truncated ORF that encodes a polypeptide encompassing the entire NDGD1 sequence but only part of the glycosyltransferase domain (SI Appendix, Fig. S5 ). Compared with At3g11670.1, the expression of At3g11670.2 under normal or phosphate deficient conditions was not detectable or was extremely low, indicating that it presumably has no physiological function (SI Appendix, Fig. S5 ).
NDGD1 Is Essential for DGDG Mobilization from the oEM to the Inner Envelope of Chloroplasts. Next, the relevance of NDGD1 for glycolipid production in planta was studied by introducing NDGD1 constructs or chloroplast envelope-targeting sequences of MGD1 (NM1, targeting the inner envelope) or DGD2 (ND2, a short N-terminal sequence targeting the oEM), fused to CDGD1, DGD2, or a glucosyltransferase, GlcT, from Chloroflexus aurantiacus, into dgd1-1. GlcT adds a glucose to carbon 6 of the galactose moiety of MGDG, thereby producing GlcGalDG (19) . The synthesis of DGDG or GlcGalDG was monitored by TLC separation and quantification by GC (Fig. 1) . Transfer of glycosyltransferases mistargeted to the inner envelope membrane (iEM) by fusion with the N terminus of MGD1 (NM1CDGD1, NM1DGD2, or NM1GlcT) into dgd1-1 complemented diglycosyllipid deficiency and growth, confirming that all domains are functional and indicating that diglycosyllipid production can be translocated to the iEM. Introduction of DGD1, NDGD1DGD2, or NDGD1GlcT (the fusion of NDGD1 with GlcT) into dgd1-1 again resulted in complementation of diglycosyllipid deficiency and growth, whereas the expression of DGD2 or ND2GlcT (the fusion of ND2 with GlcT) in dgd1-1 resulted in the synthesis of low amounts of DGDG/ GlcGalDG insufficient for complementation. In summary, only constructs targeting the diglycosyllipid synthase to the iEM or in fusion with NDGD1 were able to complement dgd1-1 lipid deficiency and growth retardation. Therefore, NDGD1 is essential for diglycosyllipid production in the oEM and must allow galactolipid transfer between envelopes. This conclusion is corroborated by the analysis of Arabidopsis dgd1-1 plants during phosphate deprivation, when DGD2 is produced. DGDG increases to 9.0% in dgd1-1 (11, 12); however, this pool of extra DGDG cannot complement dgd1-1 growth deficiency, indicating that in the absence of NDGD1 it is not transferred to the inner envelope and to the thylakoids (12, 20) . The NDGD1 polypeptide is still produced in dgd1-1 plants (SI Appendix, Fig. S4 ), but its expression in trans in the genome together with CDGD1, DGD2, or ND2GlcT is insufficient to complement lipid and growth deficiency. Therefore NDGD1 and diglycosyllipid synthases cannot form functional complexes in the oEM, but the two sequences must be present in a translational fusion.
Because the acyl compositions of MGDG and DGDG in the iEM and oEM are similar, it has been suggested that galactolipid transfer between the envelopes is not selective (21) . This notion is corroborated here, because DGDG in transgenic dgd1-1 lines transformed with DGD1 (oEM) or NM1CDGD1 (iEM) was mostly eukaryotic (18:3/18:3), because it contained only 2-6 mol% 16:3, similar to WT (SI Appendix, Tables S1 and S2). On the other hand, DGDG or GlcGalDG in dgd1-1 lines with DGD2 or GlcT transgenes contained high 16:3 content (12-19 mol%), suggesting that prokaryotic MGDG (18/16) was also used for diglycosyllipid synthesis.
Secondary Structure of NDGD1. The structures of DGD2 and CDGD1 can be predicted based on sequence similarities to glycosyltransferases of the CAZY family GT-4 (22) . However, no 3D structure was available for the Arabidopsis NDGD1 sequence. Secondary structure prediction of NDGD1 using the I-TASSER algorithm revealed that it presumably harbors coiled-coil domains and α-helices without β-sheets (23). The top threading templates used by I-TASSER are 4jioA [BCK1-like resistance to osmotic shock protein 1, V domain (Bro1V)], 4wj1A [ESX-1 secretionassociated protein B (EspB)], 4bm5A [translocon at the inner chloroplast envelope membrane protein 110 (TIC110)], and 4mu6A [Legionella pneumophila effector protein C3 (LegC3)] (SI Appendix, Fig. S6 ). The same threading templates were obtained with NDGD1 sequences from rice, Physcomitrella, Selaginella, Klebsormidium, and other plants, indicating that these templates represent relevant models. The four proteins used for threading of NDGD1 are rich in α-helices and are associated with membranes. TIC110 is a component of the chloroplast protein import complex (24) . EspB from Mycobacterium tuberculosis and LegC3 from Legionella pneumophila are bacterial effector proteins causing phagosome rupture or preventing phagosome fusion with lysosomes, respectively, after uptake into the host cell (25, 26) . The Bro1V domain is part of the yeast Bro1 protein which is homologous to the human Alix (ALG-2-interacting protein X) protein.
Alix binds to the unusual acidic lipid lysobisphosphatidic acid and is recruited to late endosomal membranes (27, 28) . The interaction between lysobisphosphatidic acid and Alix is crucial for the formation of multivesicular liposomes (28) . The structures of the four proteins used for threading of NDGD1 resemble those of SNARE (soluble N-ethylmaleimide-sensitive-factor attachment receptor) proteins, which also harbor α-helices and coiled-coil domains and are involved in tethering and fusion events between vesicles and target membranes (29) . Therefore NDGD1 is predicted to harbor coiled-coil domains and α-helices and might interact with membranes and possibly bind to acidic phospholipids. NDGD1 Binds to Phosphatidic Acid. To determine if DGD1 and NDGD1 interact directly with membranes, lipid binding was investigated by incubating recombinant proteins with lipid-nitrocellulose strips. Strong binding of DGD1 and NDGD1 to the acidic phospholipid phosphatidic acid (PA), but not to other membrane lipids, was observed (Fig. 2) . The lowest amount of PA sufficient for NDGD1 binding was 1 nmol (Fig. 2) . Liposomes composed of phosphatidylcholine (PC) and PA were incubated with NDGD1, and liposome-associated proteins were harvested by centrifugation and analyzed in protein gels (Fig. 2) . NDGD1 bound to liposomes containing PA but not to PA-free liposomes. NDGD1 binding was stronger with increasing PA content up to 60%, but binding with liposomes of 100% PA was compromised, probably because PA does not form bilayers and affects liposome stability (30) . The lowest amount of NDGD1 detectable in liposome binding assays was 2 μg.
NDGD1 Causes Liposome Fusions in a PA-Dependent Manner. Proteinlipid interactions with unilamellar vesicles can cause membrane fusion or liposome aggregation resulting in giant liposomes or multiliposome complexes, which can be detected by increased turbidity (31) . In contrast to CDGD1, the addition of NDGD1 to unilamellar vesicles composed of 75% PC/25% PA resulted in increased turbidity, (Fig. 3A) . No turbidity changes were observed with control protein or with vesicles lacking PA. NDGD1-dependent liposome fusion/aggregation could be observed with vesicles containing as little as 5% PA, a concentration close to that found in chloroplast membranes (32) , indicating that this effect also can occur in vivo (Fig. 3B) .
To visualize liposome fusion or aggregation directly, the vesicles were observed by differential interference contrast (DIC) microscopy after the addition of NDGD1. The unilamellar vesicles used for the experiment have a diameter of ∼0.1 μm and therefore cannot be observed by DIC microscopy (Fig. 3C ). The addition of control [N-utilization substance protein A (Nus)] or NDGD1 protein to PC-containing vesicles or of Nus protein to PC/PA vesicles resulted in the occurrence of very few large vesicles (1-5 μm in diameter). However, after the addition of NDGD1 to PC/PA vesicles, numerous large vesicles were observed. In addition, some giant (∼10 μm) vesicles were found, which were absent from the controls. This result demonstrates that NDGD1 causes PA-dependent liposome fusion in vitro.
Overexpression of NDGD1 in Transgenic Arabidopsis Plants Affects
Galactolipid Accumulation and Growth. Because NDGD1 cannot function unless fused with a glycosyltransferase domain but still binds PA and causes liposome fusion in vitro, it was hypothesized that NDGD1 would compete with endogenous DGD1 for PA binding and would affect galactolipid production if overexpressed in vivo. Two independent Arabidopsis NDGD1 overexpression lines (WT-NDGD1#45 and WT-NDGD1#40) were selected by Northern hybridization (SI Appendix, Fig. S7 ). Immunoblot analysis revealed the presence of two bands at 38 and 36 kDa (NDGD1, M 1 -E 338 , and a degradation product/polypeptide derived from an alternative start codon, respectively) in transgenic lines in addition to the 91-kDa DGD1 band (SI Appendix, intensities similar to those in WT Arabidopsis indicated that DGD1 expression was not compromised by cosuppression. The NDGD1 plants were bushy and smaller than WT plants. Chlorophyll content was reduced, but photosynthetic quantum yield at different light intensities was not changed, indicating that photosynthesis was not affected. No obvious differences in chloroplast envelope structures were observed by electron microscopy (SI Appendix, Fig. S8 ). Absolute amounts of galactolipids lipids were reduced by one third, but the acyl composition remained unchanged (SI Appendix, Fig.  S7 ). It is possible that PA binding to NDGD1 affects galactolipid transfer between envelope membranes and MGDG synthesis by MGD1, which is known to require PA for optimal activity (33).
Galactolipid Transfer Between Envelope Membranes. NDGD1 harbors several hydrophobic domains, behaves as an integral oEM protein, and causes PA-dependent liposome fusion (10) . It remains unclear whether membrane fusion mediated by NDGD1 encompasses the entire lipid bilayer or is restricted to the outer leaflets, resulting in membrane hemifusions, as suggested for membrane interactions between the oEM and the ER (34) . As a nonbilayer-forming, hexagonal phase II (H II ) lipid, arrangements of PA can form membrane protrusions and contribute to membrane fusions (35) . Therefore, NDGD1 binding to PA might result in the local aggregation of PA, resulting in the local formation of H II phases that cause fusions of neighboring membranes (35) . In the proposed model, membrane fusions/associations between the iEM and oEM mediated by PA-NDGD1 interaction (Fig. 4) can enable the transfer of lipid precursors and of galactolipids (MGDG and DGDG) between the two envelopes. The importance of PA as a central lipid metabolite is demonstrated by the use of PA for phospholipid synthesis and by diacylglycerol derived from PA dephosphorylation serving as substrate for galactolipid synthesis. PA binds to TGD2, a subunit of the iEM ABC lipid transporter, and stimulates liposome aggregation/membrane fusion by TGD2 (31) . PA is also bound to TGD4 in the oEM, and PA stimulates MGDG synthesis by binding to MGD1 (33) . PA binding of proteins involved in galactolipid metabolism in the iEM and oEM might lead to self-organized aggregation (Fig. 4) , possibly including other proteins involved in lipid or protein transport through the envelope, including TGD1/TGD2/TGD3, TGD4, and MGD1 (36) , resulting in the establishment of protein/membrane microdomains between the iEM and oEM. The evolutionary origin of NDGD1 remains obscure, because it is absent from prokaryotic genomes. DGDG synthases with long N-terminal extensions can be observed first in Chlorophyta and in some Rhodophyta (Porphyridium) (SI Appendix, Fig. S1 ), and NDGD1 sequences occur in Streptophyta (SI Appendix, Fig. S1 ) (16) (17) (18) . Cyanobacteria are surrounded by two envelope membranes, the presumed progenitors for the iEM and the oEM of the chloroplast (37) . Although DgdA in cyanobacteria is localized to the inner membrane (38) , replacement of DgdA with plant DGD1 in the chloroplasts resulted in the relocation of DGDG synthesis to the oEM. Therefore, NDGD1 might have evolved along with the establishment of the chloroplast endosymbiont to neofunctionalize DGD1, enabling integration of lipid metabolism between the endosymbiont and the host (39) . NDGD1 accumulation by itself in cells is detrimental (SI Appendix, Figs. S3 and S7) and hence is strongly selected against. Thus we speculate that the fusion of NDGD1 to the DGDG synthase might represent a crucial event during plant evolution, enabling galactolipid exchange between the iEM and oEM membranes; without this exchange a functionalized and permanent integration of the endosymbiont into the metabolic fabric of the host cell would not have been possible.
Materials and Methods
Mutant Lines and Growth Conditions. Arabidopsis plants were grown at 150 μmol·m PLANT BIOLOGY to ref. 41 . Transmission electron microscopy of leaf ultrathin sections was performed as described (42) . Lipids were isolated from leaves and separated by TLC (5). Fatty acid methyl esters were transmethylated and quantified by GC using pentadecanoic acid (15:0) as an internal standard (43) . Galactolipids and phospholipids were quantified by direct infusion mass spectrometry (44) .
Expression of DGDG Synthases in E. coli and Arabidopsis. The cDNAs from Arabidopsis DGD1, DGD2, and Chloroflexus GlcT (5, 8, 15, 19, 20, 45, 46) were cloned into E. coli expression vectors for lipid measurements and lipid binding or liposome aggregation experiments (31, 47) or into binary vectors (48) for Arabidopsis transformation (SI Appendix, SI Material and Methods). The Arabidopsis dgd1-1 mutant was transformed using the Agrobacterium floraldip method (49) . A minimum of 15 independent transgenic dgd1-1 plants were screened for lipid accumulation by TLC for each experiment, and one line with highest DGDG amount was selected for further analysis.
Phylogenetic Analysis and Structure Prediction. Amino acid sequences of DGDG synthases were obtained from GenBank, from genome.microbedb. jp/klebsormidium (Klebsormidium), or from the cyanophora database cyanophora.rutgers.edu/porphyridium (Porphyridium). Phylogenetic analyses and alignments were done with MEGA 6 (50) and with the ClustalW algorithm. Unrooted phylogenetic trees were constructed using the neighborjoining method, and the bootstrap values were derived from 1,000 replicates. The I-TASSER structural analysis (zhanglab.ccmb.med.umich.edu/I-TASSER/) (23) was used with NDGD1 sequences from Arabidopsis and other Streptophyta. 
Lipid Overlay, Liposome Binding and Liposome Fusion/Aggregation Assays
After expression in E. coli, DGD1, NDGD1 or CDGD1 proteins carrying Nus and His tags (pET43b vector) were extracted in the presence of 6 M guanidinium chloride and purified on a Ni 2+ affinity column. Proteins in a soluble form were eluted with guanidinium-free imidazol buffer. Lipid binding with purified DGD1 and NDGD1 proteins was tested as described (4) . For lipid overlay assays, nitrocellulose membranes containing spots of 5 µmol lipid were prepared using cardiolipin (from bovine heart, Sigma), PA, PC, PG (from egg yolk, Sigma), MGDG, DGDG (from spinach, Larodan), di16:0-DAG (Sigma) and di18:3-DAG (Larodan). Protein binding was monitored by immunoblot analysis.
Multilamellar liposomes for liposome binding assays were generated from mixtures of PC (from soybean, Avanti) and PA (from egg yolk, Sigma) (4).
Recombinant protein was added to the liposomes in a total volume of 50 µl, and bound and soluble protein separated by centrifugation. Proteins were observed by SDS polyacrylamide gel electrophoresis and Coomassie staining. The Nus protein (empty pET43b vector) was used as control.
Liposome aggregation assays were performed as described (5) . Unilamellar vesicles containing 100 % PC or 75 % PC/25 % PA were prepared using an extruder (Avanti) with 100 nm mesh size. The vesicles were incubated with recombinant Nus (control), NDGD1 or CDGD1 proteins and changes in absorption (turbidity) at 350 nm recorded. For Fig. 4A , the initial absorption was set to 0, and final absorption after 300 sec was calculated as 100 % (NDGD1) and 0 % (CDGD1). For Fig. 4B , the turbidity measured after 300 sec with NDGD1 and 20 % and 0 % PA were set to 100 % and 0 %, respectively. The entire cassette harboring the 35S promoter, the NMGD1CDGD1 sequence and the OCS terminator was released with SfiI and ligated into pLH6000 (DNA Cloning Service). The DGD2 ORF was amplified from pQE31-DGD2 (2) by PCR (primers PD538, PD539, introducing AvrII, BamHI sites) and cloned into pGEMTeasy. The
Chloroflexus GlcT sequence was deleted from NM1GlcT in pCAMB35SOCS12 (9) and replaced with the DGD2 sequence released from pGEMTeasy with BlnI, BamHI.
The GlcT sequence (9) was amplified (primers PD367, PD368) and subcloned into the BamHI, XbaI sites of pBlueScriptSKII+ ("pBlueScript-GlcT"). The NDGD1 sequence was amplified from clone 22-1 (1) (primers D12F, D12R introducing BamHI sites). This fragment was ligated into the BamHI site, 5' to GlcT in pBlueScript-GlcT.
The NDGD1GlcT sequence was released with BamHI (partial digestion), XbaI, and cloned into the BamHI, XbaI sites of pBinAR-Hyg (7) . The N-terminal region of the DGD2 cDNA (ND2, amino acids 1 -125) was amplified (primers PD369, PD370,
introducing BamHI sites). The ND2 fragment was ligated into the BamHI site of pBlueScript-GlcT (see above) and the ND2GlcT sequence ligated into the KpnI, XbaI sites of pBinAR-Hyg.
RNA-Extraction and semiquantitative RT-PCR
Arabidopsis thaliana (Col2) was germinated in Petri dishes containing solidified medium (MS salts, 2% w/v sucrose, 0.9% w/v agar) for 2 weeks before transfer to phosphate-deficient medium (10, 11) . Plants were transferred to Petri dishes containing 1 mM or no phosphate and grown for an additional period of 8 days as described. Total RNA was extracted from 50-100 mg of leaf tissue, DNase treated, and employed for cDNA synthesis. RT-PCR was performed using the following primer pairs: bn2670/bn2671 (full length DGD1, At3g11670.1), bn2670/bn2672 (DGD1 splicing variant, At3g11670.2), bn2673/bn2674 (genomic DNA of DGD1) and bn2557/bn2558 (actin). Tables S1-S3   Table S1 . Galactolipid content and fatty acid composition of Arabidopsis dgd1-1 plants expressing different DGDG synthase fusion proteins Lipid composition was measured in leaves after separation by TLC and quantification of fatty acid methyl esters by GC. Data represent mean of three measurements and are given in mol%. SD was always < 3 mol%. Lipid composition was measured in leaves after separation by TLC and quantification of fatty acid methyl esters by GC. Data are mean of three measurements and are given in mol%. SD was always < 3 mol%. Data for dgd1-1-NM1GlcT are from (9). Two transgenic plants, WT-NDGD1#45 and WT-NDGD1#40 were selected by Northern hybridization. Chloroplasts of WT, dgd1-1, WT-NDGD1#45 and WT-NDGD1#40 were analyzed by electron microscopy of leaf ultrathin sections. While dgd1-1 chloroplasts show large thylakoid-free stroma areas and differences in thylakoid structure, the thylakoid and envelope structures of WT-NDGD1#45 and WT-NDGD1#40 are very similar as WT.
